Costa Rica's population (CRP) conformation is complex, starting by the admixture of natives (Barrantes et al. 1990 ) with Spaniards during the colonization period (15th and 16th centuries; Meléndez 1982 Meléndez , 1985 and then with African immigrants that entered the country as slaves on the 16th century and from the Caribbean countries during the 19th century (Bryce-Laporte 1962; Casey 1979; Chomsky 1995; Duncan 1972; Meléndez 1972; Stewart 1967) . In addition, Chinese immigration began in 1850 and has increased throughout the years (Bermúdez 2000; León 1987) ; nonetheless, no scienti c research has been done on its impact on the actual population until now. Furthermore, understanding admixture in this population is essential for disease susceptibility mapping studies, and CRP has been extensively studied for psychiatric diseases (Contreras et al. 2010; Escamilla et al. 2007 Escamilla et al. , 2009 Walss-Bass et al. 2006 , 2009 , longevity (Castri et al. 2009 (Castri et al. , 2011 , and other disease studies (Leon et al. 1992) .
Population admixture is best studied with genetic markers that show allele frequency differences between ancestral groups that originated in the population under analysis (Rosenberg et al. 2003) . The most frequently used are the ancestry informative markers (AIMs), single-nucleotide polymorphisms (SNPs) that show large allele frequency differences (Galanter et al. 2012) and that have been studied on modern descendants of ancestral populations (Parra et al. 1998) . AIMs can also be used to infer the geographic origin of an individual (Galanter et al. 2012) . Previous studies have shown that these markers are useful in studies of Hispanics (Bonilla et al. 2004a ), Mexicans (Martinez-Fierro et al. 2009; Martinez-Marignac et al. 2007; Tian et al. 2007 ), African Americans (Parra et al. 1998 ), Native Americans (Klimentidis et al. 2009 ), and Puerto Ricans (Lai et al. 2009 ), among others. Another advantage of using SNPs over other markers (i.e., microsatellites or mitochondrial DNA sequences) is their low mutation rate (Budowle and van Daal 2008) , which makes them ideal to study old population events as they reconstruct more accurate genotypes.
Previous studies in Costa Rica have addressed the admixture question, directly or indirectly, through population genetics (Morera et al. 2003 ) and forensic studies (Morales et al. 2001 ). All of these investigations possess a sampling bias toward a geographic region (mostly the Central Valley) or disease phenotype. Nonetheless, a diverse set of markers have been analyzed, such as blood groups and proteins (Morera et al. 2003) , autosomal microsatellites (Segura-Wang et al. 2010; Wang et al. 2008) , AIMs (Ruiz-Narvaez et al. 2010) , and sex-speci c markers in the mitochondria and the Y-chromosome (Campos-Sanchez et al. 2006) .
Here, we studied AIMs in a random sample (with no associated disease) from the whole country to evaluate the genetic ancestry conformation of Costa Rica and its ethnogeographic regions. The estimated proportions of admixture from European (EUR), West Africans (AFR), Native Americans (NAM), and Chinese (CHB) populations revealed different ancestral population proportions depending on the individuals' region of origin. In addition, we did not detect population strati cation, and the individual admixture estimates vary broadly among the samples. The AIMs studied here could be used to address sample selection on future genetic studies, to understand historical records, and for forensic applications (e.g., improving genetic population databases, identi cation of individual's origin). Moreover, we observed the power that a smaller set of AIMs has over hundreds of microsatellite markers and thousands of SNPs to study admixture, which is bene cial because it reduces the costs of genotyping. We even suggest that AIMs should be included on forensic databases of Costa Rica and could plausibly be extended to Central America.
Materials and Methods

Samples and Ethnogeographic Subdivision.
Samples of 160 unrelated male individuals from the entire territory were randomly selected and classi ed into four regions using ethnohistorical and geographic-political criteria (Morera et al. 2003) : North (37 samples), Caribbean (21 samples), Central Valley (77 samples), and South (25 samples; Figure 1 ). Sample sizes are proportional to the total population by region: the Central Valley is the largest settlement, North and South are intermediate, and the Caribbean is the least inhabited. DNA was extracted with the phenol-chloroform method. This study was approved by the Ethics Committee of the University of Costa Rica.
Genotyping of AIMs.
Each DNA was quanti ed, and 500 ng was used for the GoldenGate Assay (Illumina, Inc.). A total of 82 ancestry informative markers (AIMs listed in Supplementary Table 1) were customized for the assay, and the alleles were assigned by BeadStudio 3.0 software (Illumina, Inc., USA). These markers present high allele-frequency differences in European (EUR), Native American (NAM), African (AFR), and Chinese (CHB) descendants. Moreover, these AIMs have been used on admixture mapping studies and on individual admixture estimations of other Latin American populations with ancestral populations similar to that of Costa Rica (Bonilla et al. 2004b; Martinez-Marignac et al. 2007; Price et al. 2007; Tian et al. 2007 ).
Statistical Analysis. Each marker was tested for Hardy Weinberg departures using the De Finetti software (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl). Genetic distances were determined using GenAlEx (Peakall and Smouse 2006) and depicted on trees and multidimensional scaling plots with MEGA, version 3.1 (Kumar et al. 2004) and GenAlEx (Peakall and Smouse 2006) , respectively. ADMIXMAP, version 3.8 (Hoggart et al. 2004) for Windows, was used to estimate individual and population admixture proportions. We also used this program to test for strati cation using a test for residual allelic association between unlinked loci (Martinez-Marignac et al. 2007 ). We used the default parameters except for the following: samples of 5,000 (iterations of the Markov chain), burn-in of 200, and three or four populations, depending on the model tested. Genotype data from West Africans, European Spaniards, Mesoamerican Amerindians, and Han Chinese from Beijing were used as parental populations. These parental allele frequencies were obtained from three sources: reference publications (Martinez-Marignac et al. 2007; Tian et al. 2007) , HapMap data extracted from the dbSNP database at the National Center for Biotechnology Information website (www.ncbi.nlm.nih.gov/ SNP/), and the 1000 Genomes project downloaded from SPSmart (Amigo et al. 2008 (Amigo et al. , 2009 
Results
Markers Selection and Evaluation. The AIMs were selected from previous publications on Latin American populations with ancestries similar to that of Costa Rica, because of their potential to study admixture (Bonilla et al. 2004b; MartinezMarignac et al. 2007; Price et al. 2007; Tian et al. 2007 ). In contrast, the Caribbean revealed the largest African component (30.9%), as expected from their known ethnohistorical distribution. Additionally, the second region with the largest proportion of African descent is the North Region (15.1%), also explained by the entrance of African slaves through the Paci c for the railroad construction (Bermúdez 2000; León 1987 ) and migration of slaves from the Central Valley to this region (Meléndez 1972; Meléndez and Duncan 1974) . Lastly, the Central Valley and South Region presented the smallest African component (6.7% and 8.5%, respectively).
Admixture Analysis with Four Ancestral Populations.
When we evaluated a model with four ancestral populations, it showed 45.6% EUR, 33.5% NAM, 11.7% AFR, and 9.2% CHB components (Table 1 ). The trend per region and ancestry component was consistent with the three ancestral population model of admixture, with a slight reduction in the proportions for EUR, NAM, and AFR. The CHB component was highest on the North (6.6%) and South Regions (6.1%), smallest in the Caribbean (4.2%), and intermediate in the Central Valley (4.9%).
Individual Admixture Estimations.
As expected, the variation in individual gene admixture is large, even for individuals belonging to the same region of the country. For the EUR component it ranged from 10.4% to 82.7%; NAM, from 7.3% to 72.4%; AFR, from 1.5% to 80.7%; and CHB, from 1.3% to 17.4% ( Figure  2 ). Although the variance among the proportions is large, there is a predominant overrepresentation of smaller African ancestry in most samples (82.5% individuals with <15%), as well as CHB (100% with <17%). In contrast, the EUR component (half of the sample with 50-60% ancestry) and NAM component (85% of the sample with 30-50% ancestry) showed intermediate proportions, as shown in Supplementary Figure 1 . As outliers, we found seven individuals in the Caribbean sample that have more than 65% African ancestry, and we found three individuals from the Central Valley that are more than 65% Native American and seven that are more than 70% European (data not shown). A triangular plot (Figure 2 ) illustrates the distribution of each sample according to its ancestry component and shows the clustering of most samples between NAM and EUR, independently if a three-ancestral-population (Figure 2 ) or four-ancestral-population estimation was used (Supplementary Figure 2) .
Strati cation Analysis.
An important estimation based on our data is the plausible strati cation of the population by region. Our results, based on a test for residual allelic association between 20 unlinked loci (Martinez-Marignac et al. 2007 ), showed no signi cant probability of subdivision in CRP. Though this result must be carefully evaluated, it could be a re ection of balanced migration of the population among the different regions, therefore reducing the effects of gene drift. This is consistent with previous studies that found no strati cation in their samples from CRP (Ruiz-Narvaez et al. 2010; Segura-Wang et al. 2010; Wang et al. 2008) .
Comparisons with Worldwide Populations.
We estimated F ST distances among our four regions of study and other admixed and ancestral populations to evaluate their relationship. Clearly, the phylogenetic tree depiction (Supplementary Figure 3) showed the Caribbean region as the most distant and closer to the Yoruban branch (YRI, African population). In addition, the most closely related regions were the Central Valley and the South Region (Supplementary Figure 3) . We observed that the F ST distances were small among North, Central Valley, and South Regions, and these three were more distant to the Caribbean (data not shown), so we hypothesized that the separation of the regions could be due to the different proportions of African alleles in the sample. Therefore, we did a principal component analysis (PCA) that revealed that the rst and second components explained almost 48.64% of the variation. A clear separation was also observed between seven samples of the Caribbean and the rest of the samples (Supplementary Figure 4) . Furthermore, a correlation of 94% (p < 0.001; Supplementary Figure 5 ) between the rst component and the African ancestry estimated for all CRP samples con rmed our hypothesis. The genetic distance analysis, depicted on the phylogenetic tree (Supplementary Figure 3) , also revealed that the admixed populations included in the analysis were positioned closely to their most predominant ancestral population, con rming the ef ciency of these 78 AIMs to identify admixture and ancestry.
We placed additional attention to the comparison of CRP to the other three admixed populations (Mexico, Colombia, and Puerto Rico) from the 1000 Genome project (Amigo et al. 2008) and to their ancestral populations. Based on the PCA, the rst component revealed a cluster of all the admixed individuals closer to the EUR and CHB ancestral populations, and a separate cluster represented by the AFR ancestral population and those individuals from the Caribbean Region with high AFR components (Supplementary Figure 6) . This plot is consistent with the estimations of individual admixture proportions for Costa Rica and with historical and genetic data for the admixed populations from Latin America, which are the result of a predominant Spanish and Native American blend. In addition, we generated a PCA plot for populations (data not shown) that revealed a cluster for the Yoruban branch and a separate cluster for the rest of the populations.
Discussion
As is known from historical records, Costa Rica was built mainly from the admixture of three ancestral populations starting in the 15th century (Acuña 2009; Barrantes et al. 1990; Obando 2004; Russell Lohse 2005) . In addition, the CHB component was integrated for the rst time into the population during the mid-19th century, primarily as labor force for the Paci c railroad construction and spreading afterward to the Caribbean and other regions since that time (Bermúdez 2000; León 1987 ). The interaction and movements of the people following these events resulted in the complex regional ancestry conformation con rmed by our results.
European and Native American Ancestry Predominates in CRP. As expected, the European component is the highest and is evenly distributed throughout all regions. A similar distribution was revealed for the Native American ancestry component. Our results con rm the process of admixture among the Spanish and the original residents of Costa Rica, a process that started during colonial times and continues to this day. It is known from ethnohistorical records that the population of Native Americans was dramatically decimated during the colonial period, as in many other Latin American countries (Barrantes 1993; Crosby 1986 ). Nonetheless, the offspring from Spanish men and Native American women carried the genetic diversity from the Amerindian population (Crosby 1986; Meléndez 1982 ) that we now detect.
African Ancestry Component Varies among Regions.
We observed that the African component is approximately 11% for most of the country. But the singularities revealed by region can be understood from a historic perspective. Most of the African descendants established in the Caribbean region and were isolated for centuries because of racism (Madrigal et al. 2001 ). This situation explains the scarce migration to the rest of the country (Madrigal et al. 2001; Russell Lohse 2005) and the low proportion of African alleles, especially in the Central Valley. The other region with a signi cant representation of African descendants is the North (the Guanacaste Province). In this case, the rst African slaves entered through the Paci c coast and established there, among other places (Klein and Vinson 2007) . This is supported by our result of over 25% of African descent alleles in some individuals from the North Region, a re ection of historical admixture and migration into this region.
Chinese Ancestry Component Is Widely Spread in the CRP.
Including the Chinese ancestral population in the analysis showed the importance of this component in the formation of the Costa Rican population. Although it is small (up to 9%) compared with the other three ancestral populations, it should be considered an important component for forensic applications as it is widely spread, especially in the North and South Regions (Bermúdez 2000; León 1987 ).
Individual Admixture Estimations.
From our analysis we observed large differences between individual admixtures in each region sampled, something never reported before in such detail. The random sample evaluated here allowed us to clarify the composition of regions and individuals within the regions. Therefore, this new perspective of individual admixture diversity should be considered when studying susceptibility genes, as individuals in a sample with huge divergent genetic backgrounds may confound or diffuse important signatures of association. This also re ects the complexity of CRP from a historical perspective, as the belief was on EUR and NAM admixture predominantly, but now we show that the AFR component is signi cant in some individuals not only from the Caribbean. Moreover, the CHB ancestry is re ected in every region and considerably in few individuals in our study.
Regional Analysis Reveals Important Differences. It is evident, by the AD-MIXMAP analysis, that common patterns of admixture (but not uniform) took place for the Central Valley, North, and South Regions. Also, the genetic distances depicted by phylogenetic trees and PCA plots showed the closeness of these regions, even when compared with other admixed populations. The phylogenetic tree shows a stronger interaction between the Central Valley and South Regions.
Moreover, historical records document the intense migration among them (Perez Briglioni 2010), con rming our estimations. It is also remarkable that the history of isolation of the African descendants from the Caribbean Region (Madrigal et al. 2001 ) is also proved by our genetic analysis, which shows that 33% of the Caribbean sample has more than 62% African genes. This is also evident by the low African component in most individuals from other regions. The power of this study at the regional level resides in the random sampling of the whole country. Therefore, we could re ne ancestry estimations of the underexplored regions (i.e., North, South, and Caribbean) and revealed the differences among them ( Table 1) .
Absence of Strati cation. The lack of strati cation observed in CRP might seem contradictory to the diverse regional and individual proportions of admixture reported here. This could be the result of the small group of markers used for the estimation (20 unlinked AIMs out of 78). Nevertheless, the similar proportions of EUR and NAM ancestry throughout Costa Rica could also be responsible for the absence of strati cation. The impact of this result on genetic studies is important as it implies that most regions of Costa Rica have similar Spanish-Native American proportions. Nonetheless, this conclusion should not exclude the need for a strati cation analysis on all genetic drug or disease susceptibility mapping efforts done on this population (Morera and Barrantes 2004) , as the African and Chinese ancestries are highly present in random individuals throughout the country. Additionally, our results support that the "genetic isolate hypothesis" of the Central Valley is wrong. It was believed that few founder European individuals and their descendants populated the region; therefore, a signi cant homogeneity was expected to exist (Freimer et al. 1996; Morera et al. 2003; Segura-Wang et al. 2010 ). Nevertheless, we observed a large proportion of Native American component in the sample (Morera and Barrantes 2004) , proving the diversity of the region.
Comparison to Other Studies in CRP.
Previous population genetic studies of the CRP have addressed the admixture question (Madrigal et al. 2001; Morera et al. 2003; Ruiz-Narvaez et al. 2010; Segura-Wang et al. 2010; Wang et al. 2008 Wang et al. , 2010 . Our results are consistent with the major trends, where the EUR component is predominant throughout the country, followed by the NAM component and lastly AFR (EUR > NAM > AFR). Nevertheless, the regional analysis differs partially because of different sample sizes, sampling bias toward a disease phenotype, markers used, regional subdivision of the sample, different ancestral population data sets, and even the program used for the analysis.
The rst study published on the Caribbean population (375 samples, 4 autosomal markers) subdivided the sample in two groups by self-ethnic identi cation (Madrigal et al. 2001) . One group identi ed as Afro-Caribbean possessed high AFR components (75.95%) and equally shared EUR and NAM (10.47% and 13.57%, respectively). The other group identi ed as Hispanic-Caribbean revealed a larger EUR ancestry (58.66%), intermediate NAM (33.8%), and smaller AFR (7.51%). Our random sample resembles more the Hispanic-Caribbean sample from Madrigal et al. (2001) , but with an increased AFR component mostly due to few samples with individual AFR admixture >65%.
The North Region was rst studied by Wang et al. (2010) . A sample of 1,301 women was selected for a human papillomavirus-related study and genotyped with 27,904 SNPs, which could result in a bias of admixture estimates. However, our results are consistent with theirs, and a 1% difference is observed for the EUR component (43%) and NAM (38%) in the North Region. In addition, they observed a 4% residual Asian ancestry, which was higher in our study (7%). This is the only time that Asian ancestry was studied.
Two additional studies (Morera et al. 2003; Segura-Wang et al. 2010 ) analyzed different samples from the entire CRP, and similar to their approach, we subdivided the population into regions. Morera et al. (2003) used a random sample and analyzed 11 classic genetic markers on 2,196 individuals. They estimated a 61% EUR ancestry, 30% NAM, and 9% AFR, which implies an overestimation of EUR and underestimation of NAM and AFR compared with our results. Moreover, their analysis by region re ects that the Caribbean sample has a larger EUR and smaller AFR component, comparable to the Hispanic-Caribbean from Madrigal et al. (2001) .
Segura-Wang et al. (2010) studied a large sample of individuals (426) with 730 microsatellites. Their sample selection (families with mental disorders) could have resulted in a biased admixture estimate, and indeed, up to 5.6% differences were observed in the mean admixture estimations (54.1% EUR, 32.2% NAM, and 13.7% AFR ancestry) compared with our random sample. The regional analysis also shows large contrasts with our analysis, where the major differences are re ected in the Caribbean (also known as Atlantic) sample overestimating the EUR (51.9%) and NAM (35.5%) component and underestimating the AFR (12.6%).
From the preceding summary, it is evident that the Caribbean region shows the most variability on admixture estimates due to its historical complexity re ected at the gene level. Even the simple subdivision of the samples by regions resulted in signi cant differences that could be important for sample selection in disease studies, specially the subdivision of the North Region into Paci c (or Chorotega) and North.
Future Directions. Here we show that 78 AIMs are enough to obtain appropriate ancestry resolution in CRP, which can be used on other disease-related samples. An important dif culty we found is the lack of genotyping data on NAM populations relevant to CRP conformation. Recently, a new set of 446 AIMs was developed to study admixture in Latin American individuals, proven useful in populations with similar history to Costa Rica, such as Colombia (Galanter et al. 2012) . Although this set of AIMs represents a more comprehensive genome-wide selection and the corresponding ancestral populations are nely genotyped, it must be evaluated whether smaller subsets can be used for admixture estimations to reduce genotyping costs. Furthermore, extending this analysis to other Central American countries could result in a more comprehensive understanding of the evolution and interrelationships of these populations, with signi cant applications to forensic databases and disease susceptibility research.
Although no broad admixture proportion differences among regions were found in our study, except for the Caribbean, the high individual differences should be considered when performing forensic identi cation and determining origin of a sample. These markers are possibly useful to identify African descendants in the Caribbean region, but further studies are necessary for descendants of Native Americans from the Chibchan groups. The genetic population conformation and individual differences described for the rst time in this study reveal the need to construct a genetic database with random samples localized by geographical regions as an ideal reference for forensic investigation. Another potential use would be for the identi cation of the population's origin for forensic evidence, in which mitochondrial DNA or Y chromosome markers cannot discriminate, if the DNA is highly degraded or the sample material is extremely small (e.g., investigations of the 11-M train bombings in Madrid; Phillips et al. 2009 ). AIMs have also been shown to be very promising for admixture mapping when disease predisposition is linked to ancestry (Tian et al. 2007 ). This could also be useful for genetic mapping of complex disorders in Costa Rica with an adequately selected panel of markers. 
